ABSTRACT Selected fluorescent dyes were tested for uptake by mitochrondria in intact cells of barley, maize, and onion. The cationic cyanine dye 3,3'-diheptyloxacarbocyanine iodide [DiOC7(3)j accumulated in mitochondria within 15 to 30 minutes without appreciable staining of other protoplasmic constituents. The number, shape, and movement of the fluorescent mitochondria could be seen readily, and the fluorescence intensity of the mitochondria could be monitored with a microscope photometer. Fluorescence was eliminated in 1 to 5 minutes by the protonophore carbonyl cyanide m-chlorophenylhydrazone (CCCP) indicating that maintenance of dye concentration was dependent on the inside-negative transmembrane potential maintained by functional mitochondria. Fluorescence of prestained mitochondria was enhc within 5 to 10 minutes after addition of 0.1 minlimolar kinetin to cells. The fluorescence in kinetintreated cells was dissipated by CCCP. These results suggest that kinetin interacted with respiratory processes resulting in higher potential across the mitochondrial membrane.
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Fluorescent probes have been applied as optical indicators of membrane potential differences in several types of cells, isolated organelles, and lipid vesicles (2, 6, 29, 30) . The technique relies on potential-dependent partitioning of charged lipophillic dye molecules across the membrane. Changes in membrane potential result in changes in intensity of dye fluorescence, termed 'redistribution signals' (6) .
Potentiometric dyes have been used successfully to measure changes in membrane potential of mitochondria within or isolated from cells of yeasts (15, 24) , several kinds of animal cells (3, 7, 8, 13, 14, 16, 25) , and recently, in cells or protoplasts of higher plants (18, 26) . The rhodamine 123, or cyanines, dyes developed by Waggoner (30) and co-workers for use as potentiometric probes. Through the use ofrespiratory inhibitors and ionophores and ofothers means, the fluorescence intensity of these dyes has been shown to be related to mitochondrial membrane potential (2, 6, 8, 13.).
We have recently found that certain cyanine dyes gave fluorescence to mitochondria of haustoria within living barley epidermal cells infected with Erysiphe graminis (4). The mitochondrial fluorescence was rapidly dissipated by the protonophores CCCP2 or DNP indicating that maintenance of dye concentration within the mitochondria was dependent on membrane potential. Several of the cyanines tested were observed also to stain mitochondria of host epidermal cells, which prompted us to screen various cyanines and other dyes used elsewhere as mitochondrial probes for ability to stain higher plant mitochondria. Our objectives were to learn which dyes were most effective with cells of higher plants, to learn if fluorescence of stained plant mitochondria could be monitored photometrically (as had been possible for haustorial mitochondria), and to learn if fluorescence was related to mitochondrial membrane potential. We also measured the effect of kinetin on mitochondrial fluorescence. Our interest in kinetin grew out of the fact that kinetin had interfered with development of haustoria of E. graminis (17) . Although kinetin had no obvious effect on haustorial mitochondria, we found that it markedly enhanced the fluorescence intensity of host mitochondria.
The use ofcertain cyanine dyes as cytological or potentiometric stains for higher plant mitochondria was reported (18, 26) (Table I ) included a series of 10 cyanine derivatives which varied in length of alkyl side chains (RI, Fig.   1 ) and in substitutions in the '7' position of the conjugated rings (R, Fig. 1 ). Also tested were three other cationic dyes, DASPMI, D-296, and rhodamine 123 (Table I ). When applied at 1 1uM to Table I ). RI, can be various lengths of alkyl chain (coded C. in Table I ). cells of barley, maize, and onion, all the tested dyes except rhodamine 123 gave faint fluorescence to cytoplasm and at least some fluorescence to mitochondria, usually within 10 min after dye was applied (Table I) . For the cyanines, the more hydrophobic the dye, the better was the mitochondrial staining. Thus, DiOC7(3) with a heptyl side chain, gave the most intense mitochondrial fluorescence (Table I ). DiOC7(3) produced minimal fluorescence in the cytoplasmic background (Table I ) and thus gave the best contrast between mitochondria and background. DASPMI also stained mitochondria but was cytotoxic even at low concentration (0.1 Mm) causing mitochondria to clump within 10 min, a phenomenon observed with some other cytotoxic substances (Z Liu, unpublished data). D-296 gave only weak fluorescence to mitochondria. Rhodamine 123 gave no intracellular fluorescence even at high concentration (1 mM).
Staining Patterns and Tissue Variability in Mitochondrial Accumulation of DiOC7(3). DiOC7(3) stained mitochondria of living plant cells in 15 to 30 min. The dye traversed the cell wall and plasmalemma and entered cytoplasm in about 10 min, initially appearing as a faint general fluorescence in the cytoplasm. As the staining process proceeded, individual mitochondria fluoresced as bright, straight rods, as thinner filaments with one or more bends, or sometimes as spheres (Figs. 2-5 ). Filaments frequently became spheres, especially if cells were moved or pressed. The staining reached a maximum within an hour as judged visually. The nuclei of maize callus cells tended to be lighted by mitochondria which crowded around them (Figs. 2-3 ). The nuclei themselves showed little or no fluorescence (Figs. 2-5). Diffuse fluorescence was usually seen in cell wall regions. Within cells, long, thin, faintly fluorescent filaments were seen to extend in the longest dimension of the cells. These filaments often extended the entire length of the cell. They were more frequent in barley and onion epidermal cells than in corn callus cells.
Fluorescence of DiOC7(3) in cells was subject to a moderate rate of photodestruction. About 30% of initial fluorescence was lost within 10 min if the field was kept under continuous excitation. More importantly, some individual mitochondria lost all visible fluorescence at about 10 min. For this reason, excitation of individual fields was limited to 30 to 60 s for quantitative measurements of fluorescence intensity.
Within a given cell, all the mitochondria were stained with a similar fluorescence intensity as judged visually, suggesting that the functional state of all mitochondria was uniform in a single cell. Furthermore, no obvious variations were observed among cells in a given mount. However, large variations were observed among mounts. In some, none of the mitochondria were fluorescent. Mitochondrial fluorescence appeared to be an on-off phenomenon for each preparation. The reasons for the lack of fluorescence in some mounts were not established, although care to avoid injury to cells when mounts were prepared tended to improve consistency of fluorescence. Among species, the relative fluorescence intensity was highest with onion cells, intermediate with barley cells, and lowest with maize cells. A 15% difference was observed between onion and barley, and another 5% between barley and maize. The differences were probably due to different numbers of mitochondria per unit area among the three kinds of cells (within the 314Atm2 areas used for photometric measurements). The highest density of mitochondria was observed with onion cells and the lowest density with maize cells. No obvious differences in brightness of individual mitochondria were observed with the different kinds of cells.
Effect of the Protonophore, CCCP. To establish that the mitochondrial accumulation of DiOC7(3) in intact plant cells was related to mitochondrial membrane potential, CCCP was tested for its effect on dye-mitochondria interaction. This protonophore is known to dissipate mitochondrial membrane potential. It was applied at 1 ,M, the lowest concentration that consistently stopped cytoplasmic streaming in barley coleoptile epidermal cells. Cells were prestained with DiOC7(3). Exposure to CCCP (Fig. 6A) led to the rapid release of the fluorescent dye from mitochondria giving a diffuse, low level cytoplasmic fluorescence with no mitochondrial fluorescence observable. The process took place within 1 to 5 min of exposure to CCCP (Fig. 6A) . Fluorescence intensity decreased to about 30% of initial values within 5 min for onion and barley cells and to about 45% within 10 min for maize cells (Fig. 6A) . Immediately after the addition ofCCCP, fluorescence intensity peaked transiently (Fig. 6A ). This resembled transient peaks obtained with haustorial mitochondria (4) and probably represented a period in which dye was released from mitochondria but before the dye diffused out of the cell.
Optimal Concentration for DiOC7(3). The optimal concentration of DiOC7 (3) as an indicator of mitochondrial potential was determined by monitoring the change in fluorescence intensity induced by 1 AM CCCP in the presence ofvarious concentrations of the dye. For all three plant species tested, the optimal concentration was 2 AM. This was the concentration at which the largest change was observed from before addition of CCCP to 15 min later (Table II) . In these experiments the residual background fluorescence was somewhat more than in the experiments of Figure 6 , because tissues were incubated with dye until CCCP was applied without an intervening hour of incubation on water.
Effects of Cytokinins on Mitochondrial Fluorescence Intensity. Enhancement of mitochondrial fluorescence by kinetin was initially observed qualitatively in barley epidermal cells which had been prepared from coleoptiles, treated with kinetin at 0.1 mM for 1 h, then given DiOC7(3) 2 AM for 1 h, and finally incubated on water for another hour before observation of fluorescence. The fluorescence of the mitochondria was much brighter in kinetin-treated than in untreated tissues. Furthermore, cytoplasmic streaming seemed to increase after kinetin treatment as observed by movement of fluorescent mitochondria.
Only slight increase in fluorescence intensity in barley epidermis was observed with kinetin at 10 AM, and no effects were observed at 1 AM (data not shown). Zeatin, another cytokinin, did not show any effects on fluorescence of barley mitochondria at 100, 10, or 1 AM (qualitative observations).
To demonstrate the effects of kinetin quantitatively, fluorescence was monitored photometrically before and after kinetin was applied. Cells of onion epidermis, barley epidermis, and maize tissue culture callus were prestained with DiOC7(3) and the background was destained as usual. Fluorescence intensity was measured twice in a period of 10 min. Subsequently, the cells were exposed to kinetin solutions. The response to kinetin was rapid. Fluorescence intensity started to increase at about 5 min, reached a maximum in about 20 min, and remained stable for the next 40 min (Fig. 6B) . The effects were greatest with onion epidermal cells, in which there was an increase of 35% in fluorescence intensity, smallest with maize cells with 18%, and intermediate with barley epidermal cells with 28% (Fig. 6B) .
To confirm that the kinetin-induced increase in fluorescence intensity in mitochondria was a consequence of a change in membrane potential, CCCP was applied 60 min after kinetin treatment. As before, fluorescence peaked temporarily after the addition of CCCP and then rapidly declined (Fig. 6B) (Fig. 6B) or for untreated maize and onion cells measured earlier (Fig. 6A) .
DISCUSSION
The structures which stained prominently in these experiments with DiOC7(3) in living plant cells were mitochondria. This was clearly indicated by the morphology, behavior, and response to protonophores of the organelles. They showed a dynamic pleomorphism ranging from filaments to spheres and an ability to shift rapidly from filaments to spheres when cells were disturbed, all characteristic of mitochondria (1 1). The excellent cytological visualization of mitochondria with cyanines here in living cells of barley, maize, and onion has also been shown for mitochondria within animal cells (5, 13), within cells of carrot and tobacco (18), protoplasts of alfalfa (26) , and in haustoria of the fungus Erysiphe graminis (4) .
The mitochondria rapidly lost fluorescence upon treatment of cells with CCCP, a protonophore known to depolarize mitochondria. This indicates that accumulation ofdye was dependent on the membrane potential that exists across the inner mitochondrial membrane, in agreement with chemiosmotic theory (22) and with other studies with potentiometric dyes in which fluorescence of cyanines in mitochondria was diminished or eliminated by respiratory inhibitors such as cyanide, azide, or rotenone ( 13) .
Other evidence that fluorescence intensity of cyanine relates to mitochondrial membrane potential includes: (a) yeast mutants that possessed mitochondria but were respiration-deficient had no change in fluorescence upon addition of protonophores (15) (18) and interpreted to be due to elements of cytoskeleton. In line with this, we found the strands to be located within the cytoplasm and often to coincide with paths of mitochondrial movement.
Matzke and Matzke (18) reported that nuclear membranes fluoresce with the cyanine DiOC6(3). They showed intense fluorescence associated with the nucleus of a carrot suspension cell, much as we found with maize callus cells (Figs. 2, 3) . However, in focusing up and down on such nuclei, we judged that most of the fluorescence was from mitochondria clustered around the nuclei. Many nuclei of onion (Fig. 4) and barley (Fig. 5) epidermal cells were not fluorescent.
The results of Matzke and Matzke who used DiOC6(3) were much like ours with DiOC7(3) which has one carbon more in its alkyl side chains. We did not test DiOC6(3), but found that DiOC7(3) gave better mitochondrial fluorescence than did DiOC5(3) or cyanines with shorter side chains. Apparently, both DiOC6(3) and DiOC7(3) can be recommended as potentiometric dyes for plant mitochondria. However, Reich et al. (26) recently reported that DiOC2(3) with ethyl side chains stained mitochondria of isolated alfalfa protoplasts.
Whereas we obtained no mitochondrial stain with rhodamine 123, a dye commonly used for mitochondria of animal cells (3, 7) , this dye has been reported to stain plant mitochondria in cells (18) and in isolated protoplasts (26) . In cells, mitochondrial fluorescence was coupled with intense background fluorescence which interfered with observation of mitochondria.
We found that the fluorescence intensity of mitochondria stained with DiOC7(3) could be measured photometrically within living plant cells, so that changes in response to experimental treatment could be monitored quantitatively. This was facilitated by the remarkable uniformity of fluorescence intensity of groups of mitochondria as detected in the 314 Mm2 aperture of the photometer system. To avoid effects of photodestruction, we moved from site to site within cells and from cell to cell, yet generally found agreement in successive measurements (as in the data of Fig. 6 ). This agreed with the qualitative observation that fluorescence intensity of all mitochondria within given cells appeared uniform and that fluorescence of mitochondria in different cells within a mount was also uniform.
High concentrations of kinetin (10-100 uM) increased the fluorescence intensity of mitochondria stained with DiOC7(3).
The response occurred within 5 to 10 minutes and could be attributed to an increase in membrane potential since the protonophore CCCP rapidly dissipated the fluorescence to residual background levels (Fig. 6B) . Zeatin had no effect on mitochondrial fluorescence.
Our results do not bear directly on the possible reasons why kinetin increased mitochondrial membrane potential. Miller and co-workers (19) (20) (21) 23) found that high concentrations of cytokinin inhibited respiration in both intact plant cells and isolated mitochondria. Their studies with respiratory inhibitors on isolated mitochondria implicated the alternate (cyanide-resistant) pathway and suggested that cytokinins ". . . influence a function at a point between internal NADH dehydrogenase and cytochrome b of the mitochondrial electron transport system . . ." (20) . This would tend to reduce mitochondrial membrane potential instead of increasing it as suggested by our results with cyanine dyes. Thus, the relation between inhibition ofrespiration and enhancement of cyanine fluorescence needs investigation. Whatever the mechanisms involved, fluorescent cyanine dyes offer a convenient way to monitor rapid responses to cytokinins.
